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The molecular dipole moments and local environments of water in its liquid phase were
examined for a series of ﬁrst-principles Gibbs ensemble Monte Carlo simulations along the
vapour–liquid coexistence curve using the Becke–Lee–Yang–Parr (BLYP) and Perdew–
Burke–Ernzerhof (PBE) exchange/correlation density functionals. Molecular dipole moments
were computed using maximally localized Wannier functions with the Berry phase scheme,
while the structure was analysed with respect to tetrahedral order parameter and hydrogen
bonding. Increasing the temperature results in a decrease of both the average molecular dipole
moment and the local structure, although the width of the dipole distribution remains fairly
constant. A correlation is found between the extent of the local structure and the magnitude
of the molecular dipole moment, but this correlation is limited to the ﬁrst solvation shell.

1. Introduction
Water is the most important solvent on earth, largely
due to its high dipole moment and polarizability.
Despite years of research, a complete understanding of
water does not exist today [1–3]. The dipole moment
of an isolated water molecule in the gas phase has been
well established to be 1.85 D [4]. Chemical intuition
suggests that the dipole moment of a water molecule will
increase when placed in its liquid phase due to
polarization effects, but the extent of this increase and
the width of the dipole moment distribution has not
yet been determined. Many efforts have been made to
determine these quantities, including extrapolations
from small clusters [5, 6], chemical theory [7–10],
empirical polarizable models [11–18], semi-empirical
methods [19], combined quantum mechanical/molecular
mechanical (QM/MM) methods [20–26], fully quantum
mechanical methods with a single molecule in strong
electric ﬁelds [27–29], and ﬁrst-principles molecular
simulation [30–42]. While the full range of values
shows signiﬁcant spread, it is commonly accepted that
the liquid phase dipole moment of water falls between
2.5–3.0 D. The most recent experimental result is
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2:95  0:6 D [43]. It should be noted that widely-used,
ﬁxed-charge models for water generally possess smaller
dipole moments (e.g. 2.35 D for SPC/E [44], 2.45 D for
TIP3P [45] and 2.18 D for TIP4P [45]).
The use of molecular simulation to explore the
electronic structure of water has several strengths, in
particular the ability to probe experimentally accessible
state points and to analyse microscopic structure.
Explicit simulation also provides the ability to treat
the whole system at the same level of theory. Since the
ﬁrst simulations of liquid water using empirical force
ﬁelds [46, 47], methods and interaction potentials
have advanced dramatically. Despite these advances,
however, empirical models still struggle to reproduce
thermophysical properties of water in varied environments and for different state points [3]. The advent
of the Car–Parrinello (CP) method in 1985 [48] enabled
researchers to run molecular simulations with interaction potentials described by Kohn–Sham (KS) density
functional theory [49], which, in principle, should be
completely transferable and robust.
While the bulk of previous investigations of the dipole
moment of liquid water using ﬁrst-principles molecular
simulations have been limited to ambient conditions,
some work has also been done on supercritical water at
elevated temperature and reduced density [34, 35, 40].
The overwhelming majority of previous ﬁrst-principles
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molecular simulations (with the exception of [37, 38,
41, 42]) were performed at constant density. To our
knowledge, only one work has reported on the
temperature dependence of the molecular dipole
moments of liquid water along the coexistence curve
using ﬁrst-principles interaction potentials [41]. Here we
present a more in-depth analysis of the temperature
and structural dependence of the molecular dipole
moment of the liquid phase of water described by
Kohn–Sham density functional theory using two
different functionals.
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2. Computational details
Monte Carlo (MC) simulations were performed in the
Gibbs ensemble [50, 51] as implemented in the CP2K
package (http://cp2k.berlios.de). The systems are
described by Kohn–Sham density functional theory
[49] with the energies computed by the Quickstep
subroutines [52], which solve the self-consistent
Kohn–Sham equations using an atom-centred
Gaussian-type basis set for the molecular orbitals and
an auxiliary plane-wave basis set to expand the
electronic density [53]. Simulations were run for a total
of 64 molecules for the Becke–Lee–Yang–Parr (BLYP)
[54, 55] exchange/correlation density functional at
T ¼ 323, 423 and 523 K, while simulations for the
Perdew–Burke–Ernzerhof (PBE) [56] functional were
performed at T ¼ 423, 523 and 623 K, due to its
signiﬁcantly higher critical temperature. A triple-
basis set with two sets of p-type or d-type polarization
functions (TZV2P) has been previously shown to be
appropriate for calculations involving functionals with
the generalized gradient approximation (GGA) [52, 57].
The norm-conserving pseudopotentials of Goedecker,
Teter and Hutter (GTH) [58, 59] were used to mimic
core electrons. A plane-wave cutoff of 1200 Ry
is required to converge system energies in some
simulations involving ﬂuctuating cell volumes [38].
The complete simulation details are given elsewhere
[41, 42].
All analysis presented here was done on a total of 200
conﬁgurations per run, taken from the last 200 cycles
of each simulation after the system had equilibrated.
The molecular dipole moments were computed from
maximally localized Wannier functions with the Berry
phase scheme [31, 60, 61]. As a measure of the structure
of the local water environment we use the tetrahedral
order parameter (q) as renormalized by Errington
and Debenedetti [62]. The value of q will be unity
for a water molecule with four neighbours creating
a perfect tetrahedron and zero for the ensemble average
of a completely disordered system. The combined

distance–angular criterion proposed by Wernet et al.
[63] is used to determine whether a hydrogen bond is
formed between two molecules.

3. Results and discussion
Figure 1 shows representative conﬁgurations of all six
simulations with the molecules coloured according
to their dipole moment, while ﬁgure 2 shows the
distribution of molecular dipole moments throughout
the simulations. As already noted in [41], the magnitude
of the dipole moment varies greatly even in a single
conﬁguration and the average dipole moment in the
saturated liquid phase changes signiﬁcantly with the
temperature (see also table 1). It is clear that the highest
temperature for both BLYP and PBE have very
few molecules with a large dipole moment (hi > 3:0).
This is expected for two reasons: (1) the density at these
temperatures is relatively low and (2) thermal energy
allows the molecules to venture away from orientations
that induce high dipole moments. For opposite reasons,
BLYP-GTH-TZV2P-1200 at T ¼ 323 K contains the
highest concentration of molecules with large dipole
moments. One interesting feature of ﬁgures 1 and 2 is the
similarity of the two low temperatures for the PBE
simulations when compared to the two lowest temperature BLYP runs. This can be explained when one takes
the average density of the simulations into account: the
average densities of the two coolest PBE runs differ by
only 3% while the BLYP densities are different by 20%
[42], resulting in less variation of the intermolecular
distances and more similar induction effects for PBE.
It should be noted here that this very large decrease
in density found for BLYP is at least in part related to
the large uncertainties in ﬁrst principles Gibbs ensemble
simulations because the density scaling law requires that
the magnitude of the slope of liq versus T should
decrease with increasing T, which is not observed for the
three BLYP simulations in [41].
The average values of several observables from the
simulations and a measure of the spread of their
instantaneous distributions are given in table 1. In
addition to the molecular dipole moment, a measure
of local structure is also included. This quantity, q,
is called the tetrahedral order parameter and signiﬁes
the extent of tetrahedral ordering around a given
molecule [62]. One expected result shown in this table
is the systematic decrease of both the average  and q
as the temperature increases. This is due in part to the
corresponding decrease in density and partly due to the
disruption of the hydrogen bond network as molecules
gain enough thermal energy to sample energetically less
favourable conﬁgurations. Table 1 also suggests that
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Figure 1. Snapshots of the liquid phase taken from Gibbs ensemble Monte Carlo simulations of water. The top panel depicts
BLYP-GTH-TZV2P-1200 at T ¼ 323, 423 and 523 K (from left to right) and the bottom panel shows PBE-GTH-TZV2P-1200
at T ¼ 423, 523 and 623 K (from left to right). The molecules are coloured according to their instantaneous molecular dipole
moment (). The visible spectrum was evenly partitioned to represent dipole magnitudes of 1.9–3.2 D in increments of 0.1 D,
with red indicating low values.

Table 1. Average values of the saturated liquid density
(liq ), molecular dipole moment () and tetrahedral order
parameter (q) for all six runs investigated in this work.
Numbers in parenthesis are the full width at half maximum
(FWHM) of Gaussian functions ﬁt to the distributions
of the instantaneous values. The full distributions for 
and q are shown in ﬁgures 2 and 3. An estimation is used
for q, as the peaks are not symmetrical due to the order
parameter having a maximum value.
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Functional

0.02

BLYP
BLYP
BLYP
PBE
PBE
PBE

0

T (K)
323
423
523
423
523
623

hliq i (g cm3)
0.89
0.71
0.56
0.88
0.85
0.57

(0.03)a
(0.06)a
(0.15)a
(0.06)b
(0.06)b
(0.10)b

hi (Debye)
2.96
2.73
2.49
2.87
2.80
2.49

(0.60)
(0.63)
(0.65)
(0.67)
(0.73)
(0.70)

hqi
0.73
0.55
0.41
0.58
0.55
0.35

(0.4)
(0.6)
(0.5)
(0.6)
(0.5)
(0.5)

a

2.0

2.4

2.8

3.2

3.6

From [41].
From [42].

b

m (Debye)

Figure 2. The fraction of molecules with a given instantaneous molecular dipole moment for all simulations reported
in this work. BLYP and PBE are depicted by solid and dashed
lines, respectively. Black, red, blue and green lines represent
T ¼ 323, 423, 523 and 623 K, respectively. The bin width
for the distributions is 0.05 D. The vertical dotted line is the
value of the dipole moment for an isolated water molecule
(BLYP and PBE give an identical result out to three
signiﬁcant ﬁgures).

BLYP and PBE will have an average molecular dipole
moment around 3.0 D at ambient conditions, a suggestion that is also supported by both ﬁxed-density [31, 40]
and interfacial simulations [37].
The simulations in the literature that correspond
closest to the temperatures and densities shown here
were performed on supercritical water using the BLYP
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0.15

0.10
N/Ntot

functional at  ¼ 0.73 g cm3 and T ¼ 653 K, and give
an average dipole moment of 2:35  0:38 D [34]. Other
results for the BLYP functional at  ¼ 0.6 g cm3 and
T ¼ 700 K show an average dipole moment of
2:15  0:27 D, but these values were computed using
the atoms-in-molecules approach of Bader [64] and
result in systematically lower values than the Wannier
centre method [40]. Compared to our simulations for
the saturated liquid phase, the simulations of [34] make
it appear that the dipole moment depends more strongly
on temperature than on density, i.e. our simulations
for BLYP at 523 K (a 20% reduction in temperature
and 23% in density compared to the simulations of
Boero et al. [34]) show more enhanced dipole moments.
Consequently, it may be more instructive to compare
to the PBE simulations reported here at T ¼ 623 K,
which show a slightly higher average  at a much lower
density (it is important to remember that Boero et al.
used the BLYP functional, so direct comparisons are
difﬁcult). Dyer and Cummings found that the average
liquid dipole moment of BLYP water drops by about
0.25 D with a temperature increase of 200 K (from 300
to 500 K) at ﬁxed density [40]. The average molecular
dipole difference for that same temperature range and
functional reported here is 0.47 D, suggesting that the
temperature and density effects may be comparable
(if the same 60% temperature increase accounts
for 0.25 D difference, then the remaining 0.22 D
difference is the effect of the 40% density
decrease). Therefore, the dominating cause of the dipole
change remains ambiguous. Finally, it should be noted
that the width of the distribution appears to be around
0.6 D [40] to 0.7 D [34] in supercritical water, which
again is similar to the spread of values shown here at
high temperatures.
Figure 3 is a plot of the distribution of the tetrahedral
order parameter for the six simulations. From this
we can see that only the BLYP simulation at 323 K
is anywhere near a highly ordered system. One may
have expected PBE at 423 K to show a similar degree
of ordering because it falls near the same reduced
temperature (T=Tc ), but this does not appear to be the
case. Another feature is the broadness of the distributions. Given that the average value of q falls between
0.35 and 0.73, the full width at half maximum (FWHM)
of about 0.5 is of similar magnitude. However, while the
tails of the distributions shown in ﬁgure 3 extend beyond
0, the average values are still larger than 0, indicating
that the system is reasonably far from showing uniform
orientational distributions. This view is supported
by the distribution of dipole moments in ﬁgure 2, the
instantaneous snapshots in ﬁgure 1, and that the average
 is at least 0.6 D greater than that of an isolated water
molecule.

0.05

0.00

−0.3

0.0

0.3

0.6

0.9

q

Figure 3. The fraction of the number of molecules with
a given instantaneous tetrahedral order parameter as
renormalized by Errington and Debenedetti [62]. The line
styles are the same as in ﬁgure 2. The bin width is 0.05 units.
4.0

m (Debye)
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−0.5

0
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1

q

Figure 4. A plot of the instantaneous molecular dipole
moment as a function of the tetrahedral order parameter for
all simulations. Circles, squares and diamonds represent
BLYP-GTH-TZV2P-1200 at T ¼ 323, 423 and 523 K, respectively, while triangles up, left and down depict PBE-GTHTZV2P-1200 at T ¼ 423, 523 and 623 K. Only every 100th
symbol is shown for clarity.

It remains instructive to examine the relationship
between the local structure of a water molecule and
its dipole moment. As can be seen in ﬁgure 4, some
correlation exists, as the distribution takes the
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Table 2. Average values of / for a given characterization
of water. ND, SD, DD, NA, SA and DA signify non-donor,
single-donor, double–donor, non-acceptor, single-acceptor
and double-acceptor molecules, respectively, according to
the criterion suggested by Wernet et al. [63]. Data is shown
for the intermediate temperature for both functionals
(T ¼ 423 K for BLYP and T ¼ 523 K for PBE).

∆m (Debye)

0.4

BLYP

0.3

NA
SA
DA

0.2

PBE

ND

SD

DD

ND

SD

DD

0.84
0.92
0.95

0.93
1.00
1.04

1.00
1.04
1.09

0.84
0.90
0.96

0.92
0.98
1.02

0.98
1.04
1.08

0.1
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0
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4
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r (Å)

Figure 5. The average difference in molecular dipole
moment as a function of oxygen–oxygen distance. Points
are only shown for bins with more than 100 pairs. The line
styles are the same as ﬁgure 2. The bin size is 0.05 Å.

shape of an ellipse with a positive slope for the line
connecting the foci. A linear ﬁt yields a slope of 0.62
and a correlation coefﬁcient of 0.49. It is not expected
that there would exist a perfect correlation between the
two values as the order parameter is based solely on
the oxygen positions and neglects the relative orientation of the dipole vectors of the molecules, while the
induced dipole moment depends on this orientation.
Consequently, one can conclude that there does exist
some relationship between the local tetrahedral structure
and the induced molecular dipole moment.
The induced dipole–dipole interaction is known
to fall off rapidly with distance (r6) [65], and therefore
it is not expected that the induced dipole of one water
molecule will directly affect other molecules outside
the ﬁrst or second solvation shell. Figure 5 shows how the
dipole difference between two molecules depends weakly
on the oxygen–oxygen distance. It can be seen from this
ﬁgure that all simulations level off at a value very close to
0.5 FWHM (see table 1). The lines appear to have a
positive slope for rOO < 4 Å, indicating that the spread
of dipole moments decreases as the distance between the
two molecules decreases. It is also very clear that this
effect does not extend beyond the ﬁrst solvation shell,
and it is not very strong (the difference reduces by 0.05 D
at most).
Table 2 extends the exploration of the relationship
between dipole moment and local structure. Based on
the combined distance–angular bonding criteria set forth

by Wernet et al. [63] one can classify a water molecule
according to the number and type of hydrogen bonds
it forms with neighbours. This table shows that
molecules experiencing more hydrogen bonding have
on average higher dipole moments, which is understandable as by its nature, a hydrogen bond will form
between a hydrogen with a partial positive charge
and an oxygen with a partial negative charge, which is
an orientation that enhances the induced dipole
moment. Because none of the similar sites are symmetric
through the centre of the molecule, the effects will not
cancel each other out. The dipole moment for molecules with fully saturated hydrogen bonding (double
acceptor/double donor; DA/DD) is about 30% larger
than those not forming a hydrogen bond (non-acceptor/
non-donor; NA/ND). While the data for only two
simulations is shown in table 2, similar values are
found in all runs. Additional analysis reveals that
the dipole difference between molecules which share
a hydrogen bond is 0.28 D. This value is slightly
below the average long-range value seen in ﬁgure 5,
again showing that there is a small increase
in dipole correlation between molecules in the ﬁrst
solvation shell.
Figure 6 shows the distribution of the molecular
dipole moment for the two simulations shown in table 2
as a function of the total number of hydrogen bonds the
molecule is involved in. Unlike table 2, ﬁgure 6 does not
distinguish between donors and acceptors (i.e. SA/SD
is classiﬁed in the same manner as DA/ND because they
both have a total of two hydrogen bonds). The effect of
the number of hydrogen bonds on the dipole moment
is clear, as the distributions for zero hydrogen bonds
and four hydrogen bonds show minimal overlap; both
of these distributions show considerable overlap with
that of an intermediate number of hydrogen bonds.
These results appear to be independent of the choice
of functional and agree well with the trends shown
in table 2.
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0.015

by the tetrahedral order parameter being solely a
function of oxygen position while the hydrogen
bond criterion used here includes an orientational
dependence.

0.010
N/Ntot
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Figure 6. The distribution of the molecular dipole moment
as a function of the number of hydrogen bonds a molecule
is engaged in (as either a donor or acceptor). Black represents
no hydrogen bonds, red is for two hydrogen bonds, and green
is for four hydrogen bonds. The solid and dashed lines depict
the results for BLYP (T ¼ 423 K) and PBE (T ¼ 523 K),
respectively. The bin size is 0.05 D.
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4. Conclusion
An analysis of the molecular dipole moments and
structural features obtained from ﬁrst principles Gibbs
ensemble Monte Carlo simulations of water shows that
the average liquid-phase dipole moment decreases with
increasing temperature (and correspondingly decreasing
saturated density). Comparison to simulations for
supercritical water [34, 35, 40] indicates that temperature
and density play approximately equal roles in determining the average molecular dipole moment. In agreement
with other ﬁrst principles simulations [31, 34, 37, 40]
we ﬁnd that the width of the dipole moment distribution
is not extremely sensitive to changes in temperature and
density. Our simulations reveal a correlation between
the local tetrahedral order and the dipole moment of
a given molecule with a slope of about 0.6 but a
correlation coefﬁcient of only about 0.5. In general,
molecules involved in more hydrogen bonds possess
higher dipole moments. Furthermore, dipole moments
of two molecules that belong to each others’ ﬁrst
solvation shell possess dipole moments only slightly
more correlated than for more distant molecules.
It appears that the number of hydrogen bonds
a molecule is involved in correlates more with the
magnitude of the molecular dipole moment than the
tetrahedral order parameter, a conclusion justiﬁed
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